C erviCal disc arthroplasty (CDA) has been growing in popularity since its first use in 1964. 21 This has been supported by its clinical success and theoretical preservation of adjacent levels. 3, 5, 12, 17, 20, 23, 27 However, this procedure is not without complications and the longterm survival of the implant remains to be seen. 7, 22 One potential complication that has gained recent interest is anterior bone loss (ABL). 13, 14, 24, 26 This phenomenon has been reported in more than 50% of cases, although most cases appear to be mild with no midterm (5-year) detrimental effects. 13 However, some ABL may expose the anterior portion of the implant and result in increased pain and disability within the first year. In addition, subchondral collapse and implant subsidence may result.
tion, and stress shielding need to be considered. 1,2,4,6, 8-10, 15, 16, 18, 19,25 However, most ABL occurs within the first 3 months and is nonprogressive. 13 This is not consistent with infection, debris deposition, or micromotion, and therefore an alternative cause is likely.
Controversy remains as to whether the surgical approach or the implant is the cause of ABL, especially considering the lack of recognition of this phenomenon in anterior cervical discectomy and fusion (ACDF). This study therefore aimed to examine the risk factors associated with ABL in CDA, specifically patient age and sex, as well as the potentially modifiable risk factors of implant type, alignment, number of levels operated, and motion. In addition, we aimed to determine the clinical affect of this phenomenon.
Methods

Study Population and Data Collection
A retrospective review was performed of 185 patients with prospectively collected standardized anteroposterior (AP), lateral, and flexion/extension radiographs of CDAs performed within our institution with a minimum 5-year follow-up. The implants included the Bryan disc from Medtronic (46 patients), Discocerv from Alphatech Spine (41 patients), Mobi-C from LDR (39 patients), and Baguera C from Spineart (59 patients).
ABL was recorded as a percentage of AP subchondral vertebral body length, referenced from the posterior vertebral body line, at follow-up compared with the immediate postoperative lateral radiograph. One of the authors (D.C.K.) determined the degree of ABL and resolved any controversies with another author (D.T.C.).
Implant uncovering was defined as more than 2 mm of anterior implant exposure; endplate collapse or implant subsidence was defined as a kyphotic change of more than 5° in the implant position relative to the posterior vertebral line or more than 2 mm of height loss of the implant relative to the anterior or posterior vertebral body height on the immediate postoperative radiograph.
Each endplate was analyzed in isolation, such that each implant had 2 endplates assessed (upper and lower being superior and inferior to the CDA, respectively). An endplate was defined as being between implants if its adjacent disc was operated on (using either CDA or ACDF). In contrast, it was defined as "not between" implants if its adjacent disc was not operated on (i.e., the upper endplate of the most cephalad implant or the lower endplate of the most caudal implant as no "skipped level" procedures were included).
Endplates that were not clearly visible on the radiographs were excluded. Comparative radiographs were studied at 3 months, 6 months, 1 year, and yearly after that, with a minimum follow-up of 5 years. For each time interval, ABL was assessed. If the patient failed to have a radiograph at the intended time interval, the ABL for that time interval was not recorded, unless there was no difference between the previous and subsequent radiographs, in which case the ABL was recorded as the same amount as the adjacent time periods.
ABL was grouped into 3 groups: mild (bone loss of 5% or less), moderate (bone loss of 6%-10%), and severe (bone loss > 10%). ABL was recorded as the maximum ABL identified throughout the duration of the study. The immediate postoperative standing lateral radiograph was used to determine sagittal alignment of the operative level based on the posterior vertebral cortex as described by Harrison and colleagues. 11 In addition, the initial flexion/extension views were analyzed to determine the initial range of movement (ROM) and the midflexion point, defined as the midpoint between maximal flexion and maximal extension. These measurements were based on the relative angles between the upper and lower components of each implant, with extension defined as posterior convergence or posterior disc closing, and flexion defined as anterior convergence or anterior disc closing.
The ROM was reassessed on the most recent radiographs and compared to the initial films. Heterotrophic ossification (HO) and autofusion rates were also analyzed on the most recent radiographs. Visual analog scale (VAS) scores for neck and arm pain were recorded preoperatively, 3 months postoperatively, and at 5 years postoperatively. The neck disability index (NDI) was recorded at 5 years postoperatively. These scores were correlated with the maximal ABL identified in each patient. The clinical notes were reviewed for reoperation or revision procedures.
Statistical Analysis
A series of descriptive statistics was recorded initially to describe this sample of respondents. Differences in proportions tests were conducted to determine whether the percentage of ABL significantly differed on the basis of type, with Spearman's correlations conducted to determine the association between the continuous measure of ABL and postoperative alignment, ROM, flexion, extension, and the midflexion point. Differences in proportions z-tests were also conducted to determine whether a significant difference in each category of ABL was present on the basis of each endplate. Following this, chi-square analyses were conducted to determine the association between various categories of maximal endplate ABL and age, sex, the number of levels operated, between versus not between implants, HO, fusion, and combined HO and fusion. A series of ANOVAs sought to determine whether the majority of this study's outcome measures significantly differed on the basis of degree of ABL. ANOVA was also conducted to determine whether ABL significantly differed on the basis of number of operated levels, with a t-test conducted to determine whether postoperative alignment significantly differed on the basis of severe ABL.
VAS and NDI results were compared between ABL groups using a 1-way ANOVA. Where these analyses indicated significant associations, pairwise comparisons among the ABL groups were undertaken. Statistical analysis was performed using SPSS software (IBM Corp.). Statistical significance was defined as a p value of less than 0.05.
Results
Of the 185 patients analyzed, complete radiological assessment was available in 145 patients and 193 CDAs. The average patient age was 45 years (range 25-65 years), 54% were women, and the most common level operated was C5-6 (range C3-4 to C6-7). One hundred three patients had a single-, 36 had a double-, and 6 had a triple-level CDA. Thirteen patients had a hybrid procedure with a concomitant ACDF at the time of CDA. The mean followup duration was 6.2 years (range 5-10 years).
The implants analyzed included 56 Bryan CDAs (32 patients), 44 Discocerv CDAs (38 patients), 37 Mobi-C CDAs (31 patients), and 56 Baguera C CDAs (44 patients; Table 1 ). From these 193 CDAs, 383 endplates were assessed, including 55 upper and 56 lower Bryan, 44 upper and 44 lower Discocerv, 37 upper and 37 lower Mobi-C, and 54 upper and 56 lower Baguera C CDAs.
ABL was identified in 63.7% of CDAs and 55.4% of endplates (Tables 1 and 2 ). The maximal percentage of ABL always occurred within the first year. There were no cases of progressive ABL beyond this time. There was no significant difference in the overall rate of ABL, or the rate of severe ABL, found in relation to patient age or sex (p = 0.77 and 0.20, respectively).
Most ABL was mild, with 48.7% of CDAs (44.6% of endplates) experiencing this phenomenon. Moderate ABL was identified in 11.9% of CDAs (8.9% of endplates). Severe ABL was rare and occurred in 3.1% of CDAs (1.8% of endplates). Endplate collapse was only observed when ABL affected 50% or more of the affected endplates.
Severe ABL was identified in 1 single-, 1 double-, and 1 triple-level Discocerv CDA (11.4% of Discocerv CDAs) and 1 double-level Mobi-C CDA (2.7% of Mobi-C CDAs).
The Mobi-C was significantly more affected by any ABL (mild, moderate, or severe) than the other implants (p = 0.001), although the majority were mild. There were no other significant differences between implants.
Of the 383 endplates assessed, 55.4% were affected by ABL ( Table 2 ). The overall rate of any ABL between upper and lower endplates was significantly different (62.1% and 48.7%, respectively; p = 0.008). However, the rate of severe ABL did not reach statistical significance (p = 0.718).
The number of CDAs performed related to the risk of any and severe ABL (p = 0.029 and 0.002, respectively; Table 3 ). This result was similar when including hybrid procedures, where there was a relationship between the number of levels operated and any as well as severe ABL (p = 0.013 and 0.013, respectively; Table 4 ).
In multilevel surgery, including hybrid surgery, ABL was identified in 55.8% of endplates between implants and 63.8% of those not between implants. There was no significant difference in the rate of ABL between or not between implants (p = 0.226; Table 5 ).
There was no significant relationship between the initial postoperative alignment, flexion, extension, or ROM and the development of any ABL (Table 6) . Nor was there a significant relationship between any of these variables and the development of severe ABL. Furthermore, there was no correlation identified between the maximum percentage of ABL and these variables (Table 6 ). However, there was a significant relationship between the development of ABL and the rate of autofusion (p = 0.050). There was no such relationship between ABL and the development of isolated HO (p = 0.132), but combined HO and fusion was significantly increased (p = 0.002) in the presence of ABL ( Table 7) .
The was no significant difference in VAS or NDI scores except that the preoperative VAS arm score was lower in those who did not develop any ABL than in those who did ( Table 8) . None of the initial 185 patients underwent a reoperation or revision procedure during the timeframe of this study, and therefore those excluded for a lack of complete radiographic follow-up were excluded because they had undergone another procedure. 
Discussion
Consistent with the previous literature, ABL in this series was common (63.7% of CDAs), occurred within the first year, and did not progress after this point. 13 Most ABL was mild (ABL of 5% or less in 48.7% of CDAs), with only 3.1% of CDAs affected by severe ABL (ABL > 10%). Anterior exposure of the implant was noted in moderate and severe ABL, but subchondral collapse and implant subsidence was only seen in severe ABL and only when more than 50% of the subchondral bone was resorbed.
We found no relationship between a patient's age or sex and their risk of developing ABL. All 4 implant types in this study were affected by ABL. Within the published literature, where this phenomenon has been specifically analyzed, all implants are affected by ABL. 13, 14, 24, 26 Our series found that the Mobi-C implant had an apparently higher rate of ABL. We are uncertain why this implant experienced a higher rate of ABL, but it may be related to the implant design or surgical exposure. In either case, most ABL was mild and likely clinically insignificant. It also had a lower rate of severe ABL than the Discocerv CDA, which had the highest rate of severe ABL (11.4%), but this was related to only 3 patients and did not reach statistical significance. Therefore, this study cannot delineate whether a specific prosthesis has an increased predisposition for developing clinically significant ABL and we would advocate further research in this area.
This study found that the upper endplate was at greater risk of developing ABL than the lower endplate (62.1% and 48.7%, respectively; p = 0.008). However, most ABL was mild or moderate and no significant difference between the endplate affected in severe cases was found. This finding supports the theory that ABL develops because of a lack of traction from the resected anterior longitudinal ligament (ALL). Because the ALL attaches to the beak or tubercle of the inferior portion of the anterior surface of a cervical vertebra, and this region is otherwise nonloaded, this region resorbs when the traction is removed. In contrast, the upper anterior portion of a vertebra does not have a reciprocal tubercle and all bone remains axially loaded and its resorption is likely to be less affected by ALL resection.
The result also supports the theory of a direct osteolytic insult. Due to the flat surface of a superior endplate, surgeons rarely need extensive exposure of the anterior rim of the inferior vertebra. In contrast, the dome shape of an inferior endplate and the overhanging anterior "beak" can obscure the visualization of the intervertebral disc. Therefore, there may be a preference to more extensively clear this zone of soft tissue for improved visualization, thus causing a greater insult to this region than the reciprocal region of the inferior vertebra.
This study also found that the more levels operated on per patient, the more likely each CDA is to experience ABL. For a single-level procedure the risk of any ABL was 54.7%, for a double level the risk per CDA was 66.7%, and for a triple level the risk was 87.0% (p = 0.013). The risk of the radiographically concerning (> 10%) ABL was also significantly increased in multilevel surgery (1.2% in single-level, 2.4% in double-level, and 13.0% in triplelevel surgery; p = 0.013).
This finding is consistent with the basic orthopedic principle that the more extensive the dissection and softtissue stripping, the greater the bone insult. However, we could not find a significant difference in the rate of ABL between or not between implants (p = 0.226), suggesting that the local dissection of each endplate does not change in multilevel surgery or there is another cause for this phenomenon. To further delineate other potential causes, we assessed postoperative radiographic parameters but found no relationship between ABL and the local alignment, ROM, maximal flexion, maximal extension, or the midflexion point of a CDA. One previous suggestion was that the cause of ABL might be anterior vertebral hyperpressure from the implant. While this study does not present vertebral pressure recordings, the fact that the local alignment did not vary between those affected and those unaffected by ABL suggests that the implants causing ABL were not oversized. Furthermore, the midflexion point was not more anterior, nor was the flexion greater in CDAs affected by ABL, thus reducing the likelihood of anterior hyperpressure being the cause of ABL. The results, therefore, support the theory that ABL is a result of the surgical approach rather than the implant, and that implant position, alignment, function, or mechanics do not relate to this phenomenon.
As evidenced by equivalent ROM between those CDAs unaffected and those affected by ABL, including severe ABL, ABL does not affect the long-term mechanical functioning of the implants in this series. However, ABL was significantly associated with the subsequent autofusion (p = 0.050) of the implant and may therefore predispose to this complication. Considering our proposal that the likely cause of ABL is surgical exposure, rather than implant specific, extrapolating our results makes for an interesting discussion as to whether the rates of autofusion can be reduced with surgical technique.
Although it seems biologically implausible that an equivalent final follow-up ROM was found despite a higher rate of autofusion in those with ABL, we believe that this results from the small difference of ROM identified between those with (mean 6.2°) and without (mean 8.1°) ABL not reaching statistical or clinical significance (Table 6) .
We found no significant relationship between the degree of ABL and patient pain (VAS neck and arm scores) at 3 months. This contrasts with the results of Heo and colleagues, who found significantly worse pain in those with anterior exposure of their implant during the first year in their study of 48 patients with a Baguera C implant. 13 However, our study of 145 patients with multiple implants utilizes a different grading system and assessed patients at 3 months postoperatively. It is therefore possible that our study failed to identify the peak period of pain during the first year, despite ABL typically commencing within the first 3 months, or that our greater number of patients reduces the intrinsic variations observed with smaller sample sizes. Similarly, we included multiple different nonkeeled implants to ensure that the radiographic and clinical outcomes were not implant specific.
Our results show that ABL causes no significant difference in pain or functional outcomes at 5 years. This is consistent with the results of Heo and colleagues. 13 Furthermore, no patient required a revision or reoperation during the timeframe of this study, suggesting that clinicians can safely monitor ABL without the need for revision, even with severe ABL. However, the longer-term affect on the adjacent levels, particularly with implant subsidence and the development of a local kyphotic deformity, remains unknown.
This study lacks a correlation with the patient's medical comorbidities and activity levels, which may affect ABL. Similarly, the intraoperative degree of surgical insult to the anterior vertebra is not known. Lastly, because of the limited numbers of each implant type and the rareness of severe ABL, an accurate determination of each prosthetic design's risk is limited. Further research should aim to account for these shortcomings.
Conclusions
This study confirms that ABL is common in all implant types assessed and demonstrates that age and sex do not confer a risk. Both endplates can be affected but the upper endplate is at greater risk. The more levels operated, the more likely a CDA is to develop ABL, including severe ABL, but this does not specifically affect the endplates between implants. Postoperative alignment, range of movement, and midflexion point do not relate to this phenomenon, and the development of ABL has no longterm effect on the mechanical functioning of the CDA or need for revision surgery, although it may increase the rate of autofusion. 
